Visceral leishmaniasis (VL) is responsible for substantial morbidity and mortality and current available treatments have many limitations. The ability of VL infection to generate life-long immunity offers promise for the development of a VL vaccine. A VL vaccine candidate has recently completed phase I clinical trials. We constructed a computer simulation model to determine the potential economic value of a VL vaccine in the endemic region of Bihar state, India. Results found a potential vaccine to be cost-effective (and in many cases economically dominant, i.e., saving costs and providing health benefits) throughout a wide range of vaccination costs, vaccine efficacies, and VL risks. Overall, our study strongly supports the continued development of a VL vaccine.
INTRODUCTION
Although visceral leishmaniasis (VL) infection causes substantial global morbidity and mortality,~2.1 million disability adjusted life years (DALYs) annually, currently available treatment strategies are associated with various limitations. [1] [2] [3] [4] Over 90% of the world's cases occur in five countries, India, Nepal, Bangladesh, Sudan, and Brazil, with at least half arising in India, of which the eastern rural state of Bihar (90% of all Indian cases) is particularly afflicted. 5, 6 India and its neighboring countries of Nepal and Bangladesh are committed to fighting VL, and in collaboration with the Special Program for Research and Training in Tropical Diseases (TDR) initiative supported by the World Health Organization (WHO) have signed a memorandum of understanding with the ultimate goal of achieving VL elimination by 2015. 7 Current control measures in this region include indoor residual spraying (IRS) and drug treatment. In Bihar state, VL is resistant to the cheapest universal first-line treatment option (pentavalent antimonials); patients are therefore subjected to a more costly and rigorous treatment regimen 2,8,9 ; additionally, the effect of ongoing vector control efforts on regional disease incidence and transmission have yielded mixed results. [10] [11] [12] The ability of a one-time infection to grant lifelong immunity has made the idea of a potential vaccine promising 13 ; although first-generation whole-killed vaccines have been unsuccessful in clinical trials, second-generation recombinant polyprotein vaccines have shown more promise. Specifically, recombinant vaccine candidate LEISH-111f + MPL-SE (now LEISH-F1), 14 developed by a Bill and Melinda Gates Foundation funded initiative through the Infectious Disease Research Institute at Banaras Hindu University, has recently completed phase I clinical trials in India. The vaccine aims to prevent cases of VL and post-kala-azar dermal leishmaniasis (PKDL), a later emerging effect of infection characterized by skin lesions. [15] [16] [17] [18] [19] Although computer models have been used to compare the cost-effectiveness of various treatment strategies, the economic benefit of a vaccine has yet to be evaluated. 2, 17 Policy makers, public health officials, scientists, and manufacturers distributing a VL vaccine in Bihar state and the surrounding endemic regions could benefit greatly from an analysis of the cost-effectiveness of the introduction of a vaccine against VL in this region as well as its implications. The construction of a stochastic computer simulation model can help delineate the benefit of vaccination while considering various environmental and vaccine scenarios. Evaluating the potential determinants of the success of a vaccine during its development is beneficial, because results may be used to guide vaccine pricing, distribution, and marketing strategies. 20 
METHODS
Model structure. Using TreeAge Pro 2009 (TreeAge Software, Williamstown, MA), we constructed a Markov decision analytic computer simulation model to evaluate the potential cost-effectiveness of the introduction of a vaccine for VL into Bihar state and surrounding endemic regions. The model evaluated the economic value of vaccination from a societal perspective and compared the cost-effectiveness of vaccination in the setting of two different types of available treatments for VL: (1) standard amphotericin B or (2) liposomal amphotericin drug treatments. Figure 1 illustrates the five Markov states within the model:
• Susceptible/Well; • Immune (natural and vaccine induced); • Visceral leishmaniasis (VL); • Post-kala-azar dermal leishmaniasis (PKDL); and • Death.
Markov states were mutually exclusive, i.e., an individual could be in only one state at a given time. All individuals entered the model through the "Susceptible" state at age 0. Death could have resulted from treated or untreated VL, standard amphotericin B treatment, or unrelated causes (age-specific crude mortality rate). [2] [3] [4] [21] [22] [23] Those traveling through the "Susceptible and Well" state had the probability of developing VL or remaining uninfected ( Figure 1B ). Cases could either be symptomatic or asymptomatic. Symptomatic cases were tested for VL infection. These individuals had a probability of seeking treatment if test results were positive. Because the symptoms of VL are non-specific (fever, chills), some people without VL had the possibility of being tested for the disease and subsequently treated *Address correspondence to Bruce Y. Lee because of imperfect test (rk39 dipstick) specificity. 18 Asymptomatic cases were left untreated, were otherwise healthy, and experienced no effects of active infection (i.e., mortality from VL); however, these individuals had a higher probability of developing subsequent PKDL. [2] [3] [4] Those in the model who developed PKDL were not treated, because the condition is not directly associated with clinical morbidity. As the maximum duration of active VL reported in the literature is 2 years, individuals could remain in the "VL" state for only one cycle before continuing on to either the "Death" or "Immune" states. [22] [23] [24] Those present in the "Immune" state as a result of vaccination were distinguished from those who had previous infection through a tracker variable. Therefore, only recovered cases that entered the "Immune" state had the probability of developing PKDL up to 2 years after VL infection. 25 Each simulation run sent 1,000 individuals through the model 1,000 times each for the lifetime of the individual, for a total of 1,000,000 individual outcomes. Each simulated individual accrued a distinctive set of costs and utility decrements. For each simulation run, the following equation computed the incremental cost-effectiveness ratio (ICER), or cost per disability-adjusted life year (DALY) avoided, with administration of vaccine:
For each scenario, vaccination was considered highly costeffective if the resulting ICER was $287.94 US dollars (US$), or 13,490.85 Indian rupees (INR) per DALY avoided, which is one times the per capita gross domestic product (GDP) in Bihar, which is substantially lower than the rest of India. 26 ICERs between $287.94 (13, 490 .85 INR) and $863.81 (40, 472 .09 INR) per DALY avoided (or between one and three times the per capita GDP), suggested that vaccination was cost-effective; ICER greater than $863.81 (40, 472 .09 INR) per DALY avoided suggested that vaccination was not cost-effective.
Data inputs and base case scenario. Table 1 shows cost, probability, and DALY model input values and their corresponding sources. The probability of infection was age-specific and can be seen in Table 1 . Currently, many of the leading VL vaccine candidates are polyprotein vaccines and do not pose as high a risk of severe adverse reactions as live attenuated formulations. 36 For this analysis, we therefore assumed that a VL vaccine could be safely administered to young children. All individuals entered the model at age 0 and cycled in the model until they ended up in the "Death" state.
For the base case scenario, the model used regional costs associated with VL treatment with standard amphotericin B (first line drug for VL in Bihar). 2 Treatment of confirmed cases with standard amphotericin B required a hospital stay of 30 days. 2, 37 For example, the cost of standard amphotericin B treatment would be the sum of 30-day hospital accommodations (range: $3.87-4.09 30), food (range: $1.15-1.76 30), and lost wages for the patient and an attendant, assuming a family member accompanied the patient during the hospital stay (range: $3.24-11.68 30), as well as the medical workup (range: $67.54-69.71), medication (range: $48.65-107.02), and transportation (range: $8.67-16.82) costs, which would result in a total 5, 38 The base case scenario also used a vaccination cost of $5, as a VL vaccine is not currently marketed, as a conservative estimate of the average cost of incorporating a new vaccine into the Expanded Program on Immunization in this region. 39 Vaccination cost includes the cost of vaccine components, accessories, storage, distribution, labor, and training. 39, 40 Higher vaccination costs may reflect the need for additional vaccine storage or transport devices as well as the hiring of additional personnel. A 3% discount rate and an exchange rate of 46.853 rupees to 1 US$ converted costs to 2011 US$. 41,42 Elevated creatinine levels were a possible side effect of receiving standard amphotericin B, and increased hospital stay and treatment duration by 1 week. 43, 44 The illness duration was the time between symptom onset and seeking treatment plus the length of inpatient treatment. 2, 17, [22] [23] [24] 37 To accommodate for variation in illness duration, a triangular distribution was created using values of 44, 150, and 570 days. [22] [23] [24] Data from the WHO provided regional, age-specific crude mortality rates and life expectancies. 21 Disability was measured in DALYs and incorporated age-specific life expectancy and crude mortality rates for India as well as the disability weight assigned to VL by the WHO. 21, 45 Individuals who were currently in the VL state acquired a disability weight of 0.243 for the duration that they were in this state; those in the Susceptible/Well, Immune, and PKDL states acquired no disability, whereas in these states, as the Global Burden of Disease gives no disability value for PKDL. 45 A 3% discount rate was applied to convert future DALYs to 2011 values. 46, 47 Sensitivity analyses. We also ranged vaccine efficacy (range: 25-75%), minor side effect (headache or local inflammation) probabilities (range: 30-80%), and vaccination costs (range: $5 up to $350). Individuals experiencing vaccine minor side effects were treated with Crocin. To account for varying treatment seeking behavior, additional analyses ranged the probability that cases would seek treatment once diagnosed, from 60% to 90%. [2] [3] [4] Although the base case scenarios assumed cases were treated with standard amphotericin B, a secondary analysis assumed that liposomal amphotericin (Ambisome) was used for treatment. 3, 17, 37 Administration of this drug required a hospital stay of 10 days. Unlike standard amphotericin B, this treatment did not increase an individual's mortality probability.
RESULTS
VL cases averted and PKDL cases avoided. Table 2 shows the effect of varying vaccination costs ($5-$100) and vaccine efficacies (25-75%) on the number of VL and PKDL cases averted, treatment costs averted, DALYs averted, and the ICER (all per 1,000 people vaccinated). These results assume that standard amphotericin B treatment was used and that the probability that leishmaniasis test false positive rate was 5%. Ninety-five percent ranges represent the impact of treatmentseeking behavior and the risk of minor vaccine side effects across the ranges evaluated in the sensitivity analysis. Enhancing the efficacy of the vaccine from 25% to 75% decreased the VL cases by approximately one-half, and increased the VL cases averted by~5-fold. The PKDL cases avoided per 1,000 people vaccinated increased by~5-fold as vaccine efficacy increased from 25% to 75%. A 75% efficacious vaccine prevented about twice as many VL cases without symptoms as did a 25% efficacious vaccine.
Costs averted and DALYs averted. Table 2 shows how the intervention costs averted per 1,000 people vaccinated varied with vaccination efficacy and cost. Positive values represent savings and negative values represent net costs. Cost savings resulted when vaccination cost was $5 regardless of vaccine efficacy; vaccination continued to avert costs when vaccination was $30 and at least 50% efficacious. The DALYs averted are also displayed in Table 2 . As vaccination efficacy increases from 25% to 75%, the DALYs averted increase by about 5-fold.
Cost-effectiveness of vaccination. As Table 2 shows, vaccination dominated (i.e., saved costs and provided health benefits) over no vaccination for all scenarios when vaccination was $5, and also when the vaccination cost was $30 and vaccination was at least 50% efficacious. Vaccination was cost-effective (i.e., ICER value of $863.81 per DALY averted or less) for all considered vaccine scenarios (vaccine cost $100, vaccine efficacy 25%).
As can be seen in Figure 2 , vaccination remained costeffective across a wide range of costs and efficacies. At 25% vaccine efficacy, vaccination was still cost-effective at a cost of $100 and as indicated by the graph and may continue to be costeffective at slightly higher price points. When the vaccine was 50% efficacious, vaccination was cost-effective at a cost of $350, and highly cost-effective when vaccination was $100. At an efficacy of 75%, vaccination was cost-effective when at a cost of $350 and highly cost-effective at $200.
Reduced baseline infection risk. Table 3 shows how the VL cases averted, PKDL cases averted, treatment costs averted, DALYs averted, and the ICER varied with different vaccination costs and efficacies when baseline infection risk was decreased by 50%. All other parameters including standard amphotericin B treatment were unchanged from Table 2 . Compared with the baseline infection risk scenarios using standard amphotericin B, cost savings again resulted when vaccination cost $5 regardless of vaccine efficacy. However, with decreased infection risk, cost savings resulted with a vaccination cost of $30 only when the vaccine was at least 75% efficacious. Vaccination dominated over no vaccination in all situations when vaccination cost was $5, and also when vaccination was $30 and 75% efficacious. Consistent with Table 2 , vaccination was cost-effective for all considered scenarios.
Liposomal amphotericin treatment. Analyses were also conducted assuming the use of liposomal amphotericin treatment, because this drug is another potential alternative to first line pentavalent antimonials and may soon become more widely used in this region. Table 4 presents the cost-effectiveness profile for liposomal amphotericin at baseline infection risk and how this is affected by vaccination cost and vaccine efficacy. As expected, vaccination potential to avert unwanted health outcomes (i.e., VL and PKDL cases, DALYs) in this scenario was comparable to scenarios that included standard amphotericin B. The cost of treatment directly impacted the potential value (e.g., cost savings, cost-effectiveness) of a vaccine. For example, as liposomal amphotericin is on average cheaper than standard amphotericin B, and is without the risk of treatment-associated adverse events that could prolong the length of hospital stay, the potential monetary savings of vaccination was less and often resulted in higher costs than not vaccinating. When the vaccine was 25% efficacious, vaccinating was more costly ($6,831-92,694) than not vaccinating even at a vaccination cost of $5. At a $30 vaccination cost, vaccination only averted costs when it was 75% efficacious, and became costly regardless of vaccine efficacy at a vaccination cost of $100. Like the comparison of amphotericin B to vaccination, vaccination was dominant (less costly and more effective) over liposomal amphotericin at a cost of $5 regardless of vaccine efficacy. Vaccination required a higher efficacy (75%) to remain dominant at a $30 vaccination cost and remained highly cost-effective when efficacy was at least 25%; Table 2 Cost-effectiveness analysis of vaccination assuming baseline infection risk and the use of amphotericin B a $100 vaccination cost required at least 50% efficacy for vaccination to be cost-effective and in some cases was highly cost-effective.
DISCUSSION
A vaccine preventing VL could have considerable impact on morbidity and mortality, especially when factoring in the lack of widespread access to safe, affordable drug treatment. Such a vaccine could be very cost-effective and in some cases net cost-savings under a wide range of scenarios (e.g., even when vaccination cost, which includes storage, distribution, and administration, is relatively high). Even a modestly efficacious vaccine (e.g., as low as 25%) may provide substantial economic benefit. Although limited data exists regarding incidence of VL in Bihar, we internally validated our model by calculating the expected number of VL cases without vaccination using age-specific incidence and crude mortality rates and compared them to our results. Using this method, the number of expected VL cases was always within three cases per 1,000 of the cases calculated by the model, with the amount of expected cases always being higher than what was observed in the model.
Our model showed that VL treatment type and cost can affect the value of the vaccine. The recently released liposomal formulation has shown promise to overcome many of the limitations associated with standard amphotericin B treatment. 3, 48 Because the liposomal formulation is less costly than standard amphotericin B, vaccination is more cost-effective in a setting where standard amphotericin B is used than when liposomal amphotericin treatment is used. In the past, liposomal amphotericin has been too expensive for most to afford. 3 However, a recent negotiation by the WHO for preferential pricing of liposomal amphotericin in India has substantially reduced the cost of this drug and may eventually allow it to replace standard amphotericin B as the standard of care. 17, 48 The continued reduction in treatment costs will likely place further emphasis on the importance of thoughtful vaccine pricing by manufacturers.
The introduction of a vaccine may be of exceptional value in locations such as Bihar, where drug resistance to first line pentavalent antimonials has appeared as a result of repeated and longterm use. It has been suggested that resistance could also develop to other leishmanial drug treatments as they are introduced and used over time. This process may also be perpetuated by Table 3 Cost-effectiveness analysis of vaccination assuming 50% of baseline infection risk and the use of amphotericin B inappropriate or unmonitored drug use. 49 In light of the growing use of alternatives to first line treatment options, the potential value of a vaccine in locations without current reports of drug resistance may also increase with time and widespread use.
In the absence of a current VL vaccine, IRS with DDT remains the primary method of disease prevention. 10, 50 Many IRS studies have demonstrated a decrease in vector density and infection incidence after short-term follow-up. 11 However, other studies reflected little or no change in infection rates and even have suggested that infection rates may not be as dependent upon vector density as previously believed. 10 As with malaria, public health officials question the sustainability of a long-term IRS program. Insecticide-treated bednets are a possible alternative, but bring their own challenges. 50 Although a number of VL vaccine candidates are in various stages of development, no candidate has yet demonstrated efficacy in the field. 13 Previous candidates using antigens such as the Leishmania homologue for the receptor of activated C-kinase have been unsuccessful at preventing infection in animal models. Vaccine candidate LEISH-F1 has completed phase I trials in India and shown potential to be either protective or therapeutic against VL infection. 13, 14, 18 As with many parasitic and protozoan vaccines under development, even if sterilizing immunity is unattainable, a reduction in infection intensity may prevent a majority of severe outcomes.
Bihar, India, certainly is not the only region that could benefit from a VL vaccine. Vaccination could have a substantial health and economic impact in neighboring endemic regions such as the state of West Bengal, as well as Nepal and Bangladesh, and may be a highly cost-effective addition to the cross-country TDR Visceral Leishmaniasis Elimination initiative. Vaccine could also prevent the spread of disease by a secondary mechanism. As humans may be the only animal reservoir for leishmaniasis in this region, PKDL cases, which result following treated VL infection or (more commonly) untreated asymptomatic VL infection, could contribute substantially to the persistence of disease. 7 Vaccination would reduce both symptomatic and asymptomatic VL cases, including asymptomatic cases that would not seek treatment and could result in PKDL, and thereby would reduce the human reservoir and further facilitate VL reduction in the Indian subcontinent.
LIMITATIONS
All computer models incorporate simplifying assumptions and cannot represent all possible outcomes of VL and vaccine Table 4 Cost-effectiveness analysis of vaccination assuming baseline infection risk and the use of liposomal amphotericin introduction. Additionally, no model can account for the population's vast socio-demographic and health status diversity. Our model aimed to be conservative about the economic benefits of a VL vaccine. For example, it does not account for the effect of human immunodeficiency virus (HIV) on Leishmania infection or treatment. Although the prevalence of HIV in Bihar is not as high as in other parts of India, HIV may be an important consideration in other endemic areas. 51 Although model assumptions and data inputs drew from expert consultation and an extensive review of the literature, the sources may vary in quality, and input values may not hold under all conditions.
CONCLUSIONS
A VL vaccine could be highly cost-effective (and in many cases economically dominant) under a wide range of conditions. In fact, even a modestly efficacious vaccine could provide substantial value, especially if appropriately priced. This information may be helpful for vaccine developers and manufacturers, policymakers, and other decision makers interested in VL control. Our findings strongly support the continued
